This paper offers the first statistical analysis of the long-term movement in inter-firm partnerships during the period 1960-1998. Our analysis indicates a growth pattern in R&D partnering that is largely of a non-stationary nature, caused by fluctuations during the last ten years of this time series. The further analysis of specific groups of these R&D partnerships reveals that the patterns for so-called high-tech sectors, for the leading industrial nations and for the contractual R&D partnerships follow the overall movement of these partnerships.
INTRODUCTION
An interesting aspect of the industrial organization literature from the 1980s and early 1990s is that this period appears to have generated a relatively large number of studies on the movement of mergers and acquisitions (M&As), see e.g Clark, Chakrabarti and Chiang (1988) , White (1988 and 1993) , Shugart and Tollison (1984) . This academic interest in M&As did not only coincide with the actual merger wave from the 1980s, the combination of the availability of extensive time series on M&As in the USA and the emergence of advanced, econometric time series analysis must have been instrumental in increasing the number of these studies.
In more recent years we notice that other modes of company governance, such as joint ventures and a wide range of inter-firm alliances, also increasingly attract academic attention that seems to parallel a growth in different forms of inter-company relationships (see e.g. Hagedoorn, 1996; Mytelka, 1991; Osborn and Hagedoorn, 1997; Vonortas, 1997) . We would like to emphasize, however, that the expansion of research on joint ventures and alliances has, to the best of our knowledge, not led to even one single contribution that studies the long-term trends and patterns in these phenomena. Only a few studies, e.g. Gomes-Casseres (1988) , Hagedoorn (1996) and Vonortas (1997) , appear to hint at the possibility that alliances and joint ventures might demonstrate long-term trends comparable to M&As.
A major reason for this omission is probably that the time series and databases available to study joint ventures and alliances appear to be extremely limited, both in terms of the actual number of databases and the time-horizon for most of these databases. The objective of our current contribution is to make a first attempt in filling this gap in the literature by means of an exploratory study that analyses the movement of inter-firm partnerships during a period of nearly forty years. This still relatively short time series, compared to the over a century-long time series used in many M&A studies, implies that our econometric models have to remain quite basic. Moreover, the fact that we are dealing with unknown 'territory' suggests that it is wise to take this step-by-step. Therefore, this study is the very first step in an attempt to provide evidence concerning the statistical properties of a time series of R&D partnerships that may be susceptible to systematic interpretation. In that context we will provide some guidance to future economic modeling of R&D partnering activities.
Similar to the basic idea behind the previous studies on M&As, we think it is important to first analyze the growth pattern in R&D partnerships itself. Casual empiricism and some common characterization of changes in the number of inter-firm partnerships, as found in some databases, seem to support the idea that inter-firm partnerships might occur in a somewhat cyclical movement. Therefore, it is useful to test this formally in order to assure whether these appearances are empirically correct or not. A formal characterization of the growth pattern in partnerships may also be useful for an understanding of the limits of a prediction of future partnering activities as part of a broader economic growth pattern.
Furthermore, a better understanding of the trend in inter-firm partnering could encourage the development of a wider set of hypotheses about the behavioural causes of this expected growth. In other words, once this basic understanding is established, future studies can develop a range of additional models that provide a further economic understanding of the growth pattern in R&D partnerships. In our contribution we also discuss some important elements that we think might have to be incorporated in these future studies.
The starting point for our current analysis is the extension of previous studies on M&As by Clark, Chakrabarti and Chiang (1988) and Shugart and Tollison (1984) . These studies applied some basic models that we adapt to the analysis of inter-firm R&D partnerships established during the period 1960-1998. This movement in total R&D partnership activity and some sub-populations, which will be examined further in the following sections, is pictured in figure 1.
------------insert figure 1 about here -----------In the following analysis of the trend in inter-firm partnering activity, we will explicitly consider both deterministic and stochastic trends, that refer to two major approaches in time series analysis that have also played an important role in the study of M&As. The models related to these different approaches will be introduced in the section below. This is followed by some background information on the data and the database that we analyze in this paper. The next section discusses the empirical results and the interpretation of the findings from the various models. The final section presents the conclusions from our exploratory study and it discusses some important elements to be considered for future economic modeling.
METHODOLOGY
The classic literature on time series (Nelson and Plosser, 1982) demonstrates that many time series involve higher order of autoregression, which implies that, unless higher order terms are included, standard regression models could generate biased estimates. It is also possible that the actual time series may have both deterministic and stochastic trend elements. For the analysis of trends in R&D partnerships such combined models with higher order terms can be rewritten as:
where t represents linear time trend, α and β are fixed parameters, P t is the actual number of R&D partnerships at a given time, where φ 1 is the first-order autoregressive parameter describing the effect of a unit of change in P t-1 on the dependent variable and where φ j indicates the coefficients of higher order autoregression, and ε t denotes the error term. Given the nature of the data, we can also analyze the time series as moving at a constant rate.
Consequently, the functional form of equation (1) can be specified as:
where logP t is the logarithm of P t and β, a constant growth rate in P t .
Equations (1) and (2) represent the general form of a group of models with a linear trend that are combined with autoregression models. If the restriction φ 1 = φ j = 0 is imposed, then the general form equations are in fact identical to simple linear trend models that represent a time series following only a deterministic pattern.
Another common model in the literature is the simple first-order autoregressive trend model that can be derived if we assume that β = 0 and φ j = 0. Contrary to the linear trend model, the autoregressive trend model does not consider the trend factor (t) as an independent element on the right hand side of the equation. In this model the trend factor (t) is inherently embodied in the dynamic process of the difference equation form. There are some comments to be made regarding this autoregressive model. First, stationarity requires that φ 1  < 1.
Second, if α is constrained to zero, then the value of φ 1 is the rate of change in P t in (1) or the rate of growth of logP t in (2). Finally, a random walk process follows if the restriction φ 1 = 1 is imposed and the error terms are postulated as being serially uncorrelated. Then, the changes in P t are created by a purely random white-noise series. As the random walk is an integrated model, depending on the sequence of these random shocks, the realized series can move upward or downward from its initial value.
As such the specifications of (1) and (2) merge a deterministic trend analysis with a stochastic trend approach that enables us to catch both the secular trend and the extrapolative effect on the movement of the number of inter-firm partnerships. The determination of the optimal order of the lagged differenced terms remains an empirical issue.
DATA
Unfortunately there are only a few databases on inter-firm partnerships and other hybrid forms of company governance. Most of these databases have been updated for a limited number of years or they have only been in existence for a short period of time (Hagedoorn, Link and Vonortas, 2000) . Consequently, due to the lack of data, none of these databases can be used for the current analysis. The data on R&D partnerships that are analyzed in the following sections is taken from the only database on this topic that covers an extended period of time, i.e. the MERIT-CATI databank.
The MERIT-CATI data bank, maintained by a research team at the University of Maastricht, is a relational database that contains separate data files that can be linked to each other and that provides both disaggregated and combined information from several files. So far information on thousands of technology-related inter-firm partnerships has been collected for the period 1960-1998. Systematic collection of inter-firm partnerships started in 1986.
Many sources from earlier years were consulted to establish a retrospective view. In order to collect information on inter-firm alliances various sources were consulted: newspaper and journal articles, books dealing with the subject, and in particular specialized journals that This method of information gathering that one can refer to as 'literature-based alliance counting' has its drawbacks and limitations due to the lack of publicity for certain arrangements and the low profile of certain groups of companies and some fields of technology. Despite these shortcomings, which are largely unsolvable, even in a situation of extensive and large-scale data-collection, this database is able to produce a clear picture of the joint efforts of many companies. In that context it is interesting to note that some of the other databases, that either concentrate on a specific industry or that are limited in terms of their time-span, appear to generate similar growth patterns. For instance, Bioscan reveals that in the biotechnology industry one notices a similar trend for the second half of the 1980s and the first half of the 1990s. Data on a wide variety of cooperative agreements generated by Securities Data also show a growth and down turn during the years 1985-1993 and a renewed growth in more recent years. This similarity in data trends from other databases does suggest that the potential errors in our data are probably limited and they do not seem to bias the results obtained from our analysis.
The CATI data bank contains information on each agreement and some information on companies participating in these agreements. The first entity is the inter-firm cooperative agreement. Cooperative agreements are defined as common interests between independent (industrial) partners that are not connected through (majority) ownership. In the CATI database only those inter-firm agreements are being collected that contain some arrangements for transferring technology or performing joint R&D. Joint research pacts and secondsourcing are clear-cut examples. Information is also collected on joint ventures in which new technology is received from at least one of the partners, or joint ventures having some R&D program. Mere production or marketing joint ventures are excluded. In other words, this material is primarily related to R&D collaboration and technology cooperation, i.e. those agreements for which a combined innovative activity or an exchange of technology is at least part of the agreement. The database has an international coverage, although by the nature of its content most of the registered agreements are found in the OECD countries and a small number of Newly Industrializing Countries.
For our current analysis we will use data on R&D partnerships, i.e. alliances of which the main objective is to jointly perform R&D, because this is not only the largest group of alliances within the database, it is also the most homogeneous category in terms of its main objectives. Apart from general counts, we also consider differences between joint ventures and contractual agreements, differences between intra-trading block and extra-trading block alliances, OECD versus non-OECD participation, and high-tech and non-high-tech R&D partnerships.
As we mostly have only information on the year that an R&D partnership is established and not on the year that a partnership is dissolved, our time series analysis is restricted to count data on annually, newly established partnerships. Table 1 ------------insert table 1 about here -----------
EMPIRICAL RESULTS
The linear trend models were estimated using the data on R&D partnerships for the period 1960 -1998, see also figure 1. The results are presented in table 2. Most of the estimations exhibit a rather deterministic trend that could play an important role in explaining the movement of R&D partnerships.
------------insert table 2 about here -----------For the models (1), (2) and (5), the time variable has the expected positive sign and it is significant at the 5% or 1% level, using a two-tailed test. This seems to confirm the basic hypothesis that R&D partnering activities are positively correlated with the time trend.
However, the Durbin-Watson statistics for (1) and (2) indicate that the time series of R&D partnerships is characterized by serial correlation. In other words, the simple linear trend model of (1) and (2) is inadequate to describe the data (Gujarati, 1992) .
The results for models (3) through (6) show that R&D partnering activity is highly correlated with the partnering activity in the previous year. The t-statistics of the coefficients for the various lagged dependent variables are all statistically significant at the 99% confidence level.
One of the results from table 2 is that the growth in R&D partnerships demonstrates a stochastic trend characteristics, see (5) and (6).
1 However, under the random walk assumption, the statistical inference for models 3-6 based on the conventional t-statistics may be biased Fuller, 1979 and 1981) . Therefore, an additional test is needed to see whether the coefficient of the lag variable is equal to one. The results (see table 2, between right-angled brackets) show that the existence of a unit root cannot be rejected in these models. The process has an infinitely long memory and the R&D partnership activity can be modeled as a random walk, i.e. a stochastic trend.
For the longer lagged effect we estimated the autoregression model by including a second-order polynomial, see table 3. Models (7) and (8) exhibit that the coefficients on the first order lag (φ 1 ) are positive. However, since the estimated value of φ 1 in model (7) is greater than 1, the R&D partnering time series appears to be non-stationary. The second order lag (φ 2 ) is negative but not significant in (7) and (8). The empirical finding indicates that the exclusion of a higher order would not bias the coefficient estimates. These outcomes do not indicate that R&D partnership movements follow a deterministic trend.
We also included some higher order lags (3 to 5 years) in the model. As none of these variables were found to be statistically significant, we do not report or further discuss the specifics of these findings.
----------------insert table 3 about here -------------
To analyze the possibility of a stochastic process in the R&D partnership series, the spurious element has to be removed from the trend factor. The autoregressions (9) through (12) can be estimated once the series had been differenced. The difference equations (9 -12) in table 3 demonstrate that the estimated coefficients for the first order lag (φ 1 ) and the second order lag (φ 2 ) in (11) and (12) are not statistically significant. The coefficients of the constant terms are, with the exception of (11), substantially lower than for (7) and (8).
Moreover, the Durban-Watson statistics indicate that there is no serial correlation problem in this part of the analysis. However, the values of the R 2 statistics decline dramatically which implies that it is only due to the spurious factor that a time series model with the deterministic trend generates a high R 2 . These findings suggest that, given a general growth trend in R&D partnerships, the actual pattern could largely be of a stochastic nature.
So far this analysis has focused on time series of general counts of newly established R&D partnerships. It is possible, however, that there are a number of particular characteristics of these R&D partnerships or different forms of R&D partnering that constitute different sub-populations that might be affected by specific historical patterns. 2 The literature on inter-firm partnerships (see Hagedoorn, 1996; Mytelka, 1991; Osborn and Hagedoorn, 1997 for overviews) suggests that particular characteristics, in terms of industry-specificity, organizational traits and international distributions, play an important role in differentiating the overall population of partnerships into several sub-populations.
However, our further investigation of these sub-populations reveals that the pattern for nearly all of these sub-populations of R&D partnerships turned out to be quite identical to the general pattern described in the above. Finally, we considered some possible differences between the R&D partnerships made between companies within particular trading blocks, such as North America, the European Union and Asia, and inter-trading block partnerships established between companies from these different trading blocks. This would indicate the degree to which international differences and 'distance' plays a role in the general growth pattern of R&D partnerships. Again, the results for the regression estimates of the trend factor and the estimates of the autoregressions were quite similar to those found for the overall counts.
THE STOCHASTIC NATURE OF R&D PARTNERING ACTIVITY
An important finding from this study is that R&D partnership movements exhibit evidence of stochastic characteristics. In that context it is interesting to examine the hypothesis that R&D partnership activity can be modeled as a white noise process, i.e. the first differences in the series appear to be of a random walk nature with possible drift. The alternative model for the random walk model is the general autoregressive equation 2 with φ j = 0 for all j > 1. To examine whether the time series is adequately represented by equation 2, we employed the 'nested' likelihood ratio tests suggested by Dickey and Fuller (1981) . The results from applying the Dickey-Fuller methodology to the logarithms of the annual number of newly established R&D partnerships are summarized in table 4.
---------------------insert table 4 about here ---------------
On the basis of the calculated test statistics the null model evaluated against the alternative containing a deterministic trend (equation 2) cannot be rejected. However, the likelihood ratio test shows that the hypothesis that the appropriate model is one of first-order autoregression with drift, (α, φ 1 ) ≠ (0, 1), should be accepted. Overall, the available evidence suggests that the white noise model quite adequately fits the R&D partnership series. The estimated drift coefficient of the white noise model indicates that the number of R&D partnerships grew annually with at least 10%. 3 Estimating this model for the R&D partnership time series, we obtain logP t = 0.115 + logP t-1 , with constant sample variances.
The existence of the unit root could indicate a herd-behaviour like growth pattern. In other words, the remarkable growth in the number of newly established R&D partnerships could be caused by the decision of companies to either continue establishing new partnerships with their existing partners or to ally with other companies.
IMPLICATIONS AND CONCLUSIONS
There is some evidence in the previous research on M&As that these M&As follow a shortterm autoregressive trend (Clark et al, 1988) and some research even suggests a cyclical pattern in this overall growth trend (Golbe and White, 1993) . The empirical conclusions from our research on a relatively short time series of 39 years of R&D partnering, however, only
indicates the systematic nature of the overall growth in the number of R&D partnerships in a non-stationary process. This non-stationary process could be caused by random fluctuations in this growth pattern, particularly during the last ten years of this time series. The current analysis certainly does not falsify the hypothesis that the growth pattern in R&D partnering activities is largely of a random nature. In that sense our findings on R&D partnerships are similar to the findings on trends in M&As by Shugart and Tollison (1984) .
Extrapolations based on autoregressive trend analysis, or many other time series analytical tools for that matter, are subject to the criticism that they only cover internal dynamics while ignoring external factors relevant for understanding causal relations as found in a structural model based on a positive theory. Given the exploratory nature of the current study and the elementary theory development in this area of research, we cannot apply such a structural model. The results for the additional analysis of the different sub-populations of R&D partnerships indicate that some exogenous factors could be more important to include in future models. Therefore, apart from the basic need to collect longer time series, future research in this area will have to concentrate on a broad set of external factors that might be helpful in generating a better understanding of the specifics of the growth pattern in these inter-firm partnerships. An interesting approach could be found in investigating the underlying factors, such as R&D expenditures and the number of firms in high-tech industries, that can explain the non-stationary growth trend of R&D partnerships and their implications for the evolution of the number of partnerships (see e.g. Mancke, 1974; Jones, 1995) . Structural models of growth could then encompass the time series evidence of R&D partnering and these underlying factors. However, there are serious limitations to international data and many problems related to the comparability of different datasets for R&D inputs, M&As, number of companies and other economic indicators. Therefore, such an
approach with an extended model should probably concentrate on one country instead of focusing on an international population of R&D partnerships.
Other topics for future research might be found in the combined time series analysis of partnerships and M&As and the effect of market volatility on trends and patterns in interfirm partnership formation. A comparison of trends in aggregate data on US M&As during the period 1960-1998 already suggests that the growth pattern for M&As is considerably different from the pattern found for R&D partnerships (Gaughan, 1999) . 4 Finally, we would like to emphasize that this paper is, to the best of our knowledge, the very first attempt to present an analysis of long-term trends in R&D partnerships. These partnerships are widely discussed in the literature with reference to their economic impact, their growth in recent years, their organizational features, and their sectoral distribution. The current contribution is exploratory and its limitations are largely due to a lack of data. To some extent this is similar to the early contributions on M&A trend analysis from the 1980s.
Still these early contributions also provided useful insight for others to build on. In that sense, our paper ties into a broadening body of literatures on inter-firm partnering while paying attention to a set of questions that deal with some basic properties of the general growth pattern in these R&D partnerships. Numbers in standard parentheses are t-statistics, numbers in right-angled brackets are t-statistics for unit root * significant at 5% level ** significant at 1% level Numbers in parentheses are t-statistics * significant at 5% level ** significant at 1% level Table 4 Likelihood ratio tests for R&D partnering activity (1960 -1998) Null model Alternative model Test statistics Dickey and Fuller (1981) Logarithms ( Φ 3 = 3.136 * significant at the 5% level. ** significant at the 1% level.
1 Similar results are found in some other studies on comparable socio-economic time series, see Clark, Chakrabarti and Chiang (1988) , Nelson and Plosser (1982) and Shughart and Tollison (1984) .
2 An interesting question related to the overall growth pattern in R&D partnerships refers to the downturn in newly established partnerships in the period 1989-1992. To the best of our knowledge there are no publications that offer a solid explanation for this decrease. Some popular press releases refer to the shortage of venture capital and the bankruptcy rate affecting the number of attractive small companies as partners in high-tech industries after the 1988 stock market 'crash'. However, our data (see figure 1 ) suggest that the decline in R&D partnerships in high-tech industries is rather moderate compared to the decline in the overall population. Furthermore, as explained in the next section, this sudden change in the number of newly made partnerships could, based on the current statistical evidence, still be interpreted as a random fluctuation.
